tory elements in its promoter that make it an extremely sensitive cellular biosensor of environmental and/or oxidative stress. Downstream to CLU gene induction, the CLU protein seems to actively intervene in pathological states of increased oxidative injury due to its chaperone-related property to inhibit protein aggregation and precipitation (a main feature of oxidant injury), as well as due to its reported distribution in both extra-and, most likely, intracellular compartments. Conclusion: On the basis of these findings, CLU has emerged as a unique regulator of cellular proteostasis. Nevertheless, it se emingly exerts a dual function in pathology. For instance, in normal cells and during early phases of carcinogenesis, CLU may inhibit tumor progression as it contributes to sup pre ssion of proteotoxic stress. In advanced neoplasia, however, it may offer a significant survival advantage in the tumor by suppressing many therapeutic stressors and enhancing metastasis. This review will critically present a synopsis of recent novel findings that relate to the function of this amazing molecule and support the notion that CLU is a biosensor of oxidative injury; a common link between ageing and all pathologies where CLU has been implicated. Potential future perspectives, implications and opportunities for translational research and the development of new therapies will be discussed.
Introduction

Molecular Effects of Oxidants in Higher Metazoan Cells
Oxygen is essential to support aerobic metabolism and life. Nevertheless, in the reductive normal cellular milieu, oxygen molecules undergo univalent reductions forming (among others) 'reactive nitrogen species' and 'reactive oxygen species' (ROS), as well as 'reactive lipid peroxidation products' [1] . Free radicals may arise from both exogenous and endogenous sources. Exogenous environmental sources include gamma rays, X-rays, UV light, atmospheric pollutants and metal catalyzed reactions, whereas endogenous organism sources of free radicals production include various inflammatory processes, as well as the excessive stimulation of NAD(P)H oxidases, mitochondria malfunction, P450 metabolism and/or the activity of peroxisomes [2] .
Oxidative stress occurs when the production of free radicals exceeds a certain threshold needed as a secondary messenger in intracellular signaling cascades, and the cell's antioxidant capacity [3, 4] . Sustained abnormally high levels of ROS may result in deregulation of redoxsensitive signaling pathways and extensive damage of all types of cellular biomolecules including DNA and proteins [4] . Thus, the function of the antioxidant molecules and of the cellular mechanisms that regulate the ability of the cells and tissues to adapt or to resist to oxidative stress is critical for survival and homeostasis.
A first line of defense against oxidative stress is achieved by the action of the antioxidants (e.g. vitamins C and E, glutathione, and thioredoxin) and the antioxidant enzymes (e.g. superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase) [4] , whereas a second line of defense refers to a network of transcription factors that are activated as a response to increased oxidative stress or cellular oxidative injury. Among these, the evolutionary conserved NF-E2-related factor-2 (Nrf2)/ Kelch-like ECH-associated protein 1 (Keap1) signaling pathway is central in the protection of cells against oxidative and xenobiotic damage [5] . Under normal conditions the actin-associated protein Keap1 binds to and tethers Nrf2 in the cytoplasm, whereas upon oxidative stress, the Keap1/Nrf2 association is disrupted, resulting in the release of Nrf2, which then accumulates in the nucleus where it heterodimerizes with a small Maf (musculoaponeurotic fibrosarcoma) protein, and by binding to antioxidant response elements stimulates the expression of phase II and antioxidant enzymes [5] . Besides Nrf2, oxidative stress can also activate a number of additional nuclear transcription factors including heat shock factor-1 (HSF1), activator protein-1 (AP-1), p53, NF-κB, and signal transducer and activator of transcription (STAT) [2] . Similarly to Nrf2, in the absence of stress, HSF1 is kept inactive in the cytosol mainly by binding to HSP90. Upon oxidative stress, the inhibiting chaperones bind misfolded or damaged proteins; the HSF1 is liberated and by translocating to the nucleus it activates several target genes [6] . AP-1 or p53 activation by oxidative or other physical and chemical stressors trigger the activation of numerous processes involved in many different stress responses [7, 8] . The NF-κB transcription factor is a dimmer in its active form, consisting of proteins from the REL family [9] . NF-κB is involved in the regulation of a wide array of distinct genes which are functionally involved in immune function, inflammation, differentiation, cell survival, growth, stress response and apoptosis [9] . Free radicals have also been functionally involved in the regulation of a wide panel of phosphatases or kinases, as well as in the regulation of the TGF-β and the H-Ras oncogene [2] .
In relation to proteome homeostasis (or proteostasis), the network of the oxidative-stress responsive transcription factors activate (among others) the molecular chaperones which represent key effectors of the heat shock and proteotoxic insult response. Molecular chaperones catalyze correct folding of nascent polypeptides, prevent protein misfolding and aggregation of nonenzymatically modified proteins (e.g. by advanced glycation end-products or oxidation), refold misfolded proteins, and target damaged proteins for degradation in the proteasome or lysosome [6] . The ubiquitin-proteasome and autophagylysosome degradation systems represent sites of removing both short-lived normal or damaged dysfunctioning proteins, thus exerting a tight control in the levels of regulatory proteins and in the maintenance of a functional proteome [10, 11] .
Oxidative Stress Implications in Ageing and Pathophysiology
Organismal ageing affects most, if not all, tissues and organs of the body. It refers to a multifactorial process modulated by the interplay among environmental and genetic factors [12] . At the tissue and cellular level, ageing-related gradual accumulation of damage affects all types of biomolecules in postmitotic and mitotic cells, as well as at the extracellular matrix. According to the 'free radical theory of ageing', free radical accumulation during one's lifetime would lead to potentially deleterious by-products which unavoidably damage biomolecules and are thus responsible for degenerative diseases and ageing [1] . The direct implication of free radicals to longevity has been experimentally demonstrated by mutants of specific genes in invertebrates such as Caenorhabditis elegans and Drosophila melanogaster , which have been linked to increased lifespan due to reduced damage by oxidants [13] . Similarly, in mammals a mutant of the p66 SHC gene increased resistance to oxidative stress and prolonged lifespan [14] , while in in vitro studies mammalian senescing cells are marked by higher levels of ROS and significant proteotoxic stress [15] .
Beyond its effect in the processes of ageing, oxidative stress also plays a central role in various pathological conditions such as neurodegeneration, vascular and metabolic syndromes, as well as tumor formation [15] [16] [17] . Specifically, brain ischemia and stroke have been associated with free radical-mediated reactions [18] , and there is a consensus that oxidative stress is an early event in Alzheimer's disease [19] and contributes to dopaminergic cell degeneration in Parkinson's disease [20] . Moreover, high endogenous levels of oxidative stress have been found is several tumors, including colorectal carcinoma, leukemia, and breast, ovarian and stomach cancer [17] .
Sustained high levels of oxidants are tumorigenic as they can cause several DNA modifications, single-and double-strand DNA breaks, and oxidatively generated non-double-strand clustered DNA lesions. The two most common DNA base modifications are 8-oxodG (a marker of oxidative stress-related DNA damage) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine [17] . Interestingly, there may be sites in the genome that are more susceptible to oxidative stress-related protumorigenic effects as a number of tumor suppressor genes have been identified as being silenced by oxidative-induced aberrant CpG island promoter methylation [21] . Oxidants are also responsible for the production of lipid aldehydes, such as 4-oxo-trans-2,3-nonenal (4-ONE) and 4-hydroxy-trans-2,3-nonenal (4-HNE) [22] , which can disrupt membrane structure and can also react with various amino acids enabling protein carbonylation [23] . Heavily carbonylated proteins tend to form aggregates that are resistant to degradation and accumulate as unfolded or damaged proteins [23] . Such aggregates cause global proteome instability as they (among others) disrupt the functionality of the proteolytic pathways [24] . In conclusion, sustained high levels of oxidative stress will severely disrupt cellular homeostasis and particularly proteostasis by causing significant protein damage and proteotoxic stress. Thus, the role of the intra-and extracellular molecular chaperone network in safeguarding the proteome is critical.
Apolipoprotein J/Clusterin (CLU)
CLU Gene Locus, Gene Regulation and Protein Isoforms
The conventional translation product of the CLU gene in humans is encoded by an mRNA transcribed from a single copy gene, located at chromosome 8 and organized into nine exons [25] . The CLU gene exhibits an almost ubiquitous tissue expression pattern during both development and in adults, and encodes for a glycosylated secretory heterodimeric protein of approximately 75 kDa (sCLU; hereafter CLU), which is secreted either constitutively or through regulated routes ( fig. 1 ). It has been reported that apoptotic signals in human and rodent cells can induce the production of various CLU protein isoforms [16] , most of which remain uncharacterized. Of these nonconventional isoforms, the most well-described variant refers to a stress-inducible nonglycosylated nucleocytosolic protein isoform of approximately 49 kDa (nCLU) that is encoded by an alternatively spliced mRNA of the CLU gene locus and reportedly exerts a cytostatic and proapoptotic function [26] .
Given the fact that the induction of the conventional CLU mRNA and protein (sCLU) induction are widespread phenomena in developmental and pathophysiological states (see below), it is anticipated that the CLU gene expression levels will be tightly regulated. Indeed, the CLU gene promoter is highly conserved and contains several regulatory elements that may regulate the complex tissue-specific control of the gene. These elements include SP1 and NF1 sites, as well as sites for AP-1 and a conserved 14-bp 'CLU-specific element', which is recognized by HSF1 and can mediate stress-induced transcription [27] . Moreover, CLU gene expression was found to be regulated by NF-κB; numerous growth factors and cytokines; oncogenes, and several stress-or apoptosis-inducing agents including heat shock, UVA, UVB, proteotoxic stress, heavy metals, oxidants, hyperoxia, ionizing radiation and chemotherapeutic drugs [16, 28] . Therefore, it seems that that by acting in synergy, the CLU-specific element and AP-1 elements make the CLU gene promoter particularly sensitive to even minute environmental or organismal changes.
Interestingly, the CLU gene is also regulated epigenetically as its promoter contains a CpG-rich methylation domain. More specifically, epigenetic factors downregulate CLU gene expression in retinal pigment epithelial cells [29] , and hepatitis delta virus epigenetically enhances CLU expression via histone acetylation in human hepatocellular carcinoma cells [30] . Also, oncogenic H-Ras suppresses CLU expression in rat fibroblast cells in a promoter methylation-dependent manner [31] , while the CLU gene promoter was found to be methylated in the TRAMP-C2 cell line and in the human prostate cancer cell line LNCaP [32] . Finally, the CLU gene was found to be silenced in tumor cells via promoter histone deacetylation [33] or by the polycomb protein histone methyltransferase EZH2 [34] .
CLU Extracellular/Intracellular Localization
As mentioned earlier, the conventional (sCLU encoding) CLU mRNA is targeted to the endoplasmic reticulum (ER) for translation and from there it is constitutively secreted ( fig. 1 ) . In those cells featuring a regulated exocytotic pathway, CLU secretion may depend on the appropriate extracellular signal. On an opposite route, CLU and its binding cargo (e.g. damaged extracellular proteins) can be endocytosed and targeted to the lysosomes by mainly binding to the endocytic receptor gp330/megalin or to other unknown receptors ( fig. 1 ; see also below).
Interestingly, it seems that in certain cell types, CLU can (via a currently unknown mechanism) escape the secretory pathway ( fig. 1 ) and localize in additional intracellular compartments, namely the mitochondria, the nucleus and the cytosol [35] [36] [37] . In support, it was recently shown that GRP78 associates with CLU under ER-stress conditions to facilitate its retrotranslocation and redistribution to the mitochondria in prostate cancer [38] . It has also been proposed that in stressed cells the retrotranslocation of CLU from the ER to the cytosol is likely to occur through a mechanism similar to the ER-associated pr otein degradation ( fig. 1 ) pathway [36] . A cyto- solic function of CLU also correlates with its reported implication in the regulation of the NF-κB nuclear translocation and activity [39, 40] , while among the recently identified intracellular CLU interacting proteins are the erythrocytic protein Band-3 [41] and the molecular chaperone HSP60 [42] .
Proposed Function(s) of CLU in the Maintenance of Extracellular/Intracellular Proteostasis
After several years of debate it has become a mainstream notion that because CLU represents an extracellular functional homologue of the small heat shock proteins due to its ability to bind to partially unfolded proteins and inhibit their aggregation and precipitation via an ATP-independent mechanism [43] . According to sequence analysis predictions, CLU contains three long regions of natively disordered or molten globule-like structures containing putative amphipathic α-helices which give CLU the ability to bind to a variety of molecules. Interestingly, as the protein seems to also localize at intracellular compartments (see above), CLU may represent the only known chaperone with both extra-and intracellular activity.
Considering this functional property of CLU, its distinct sites of localization and the wide variety of unrelated binding partners, it is not surprising that CLU has been functionally implicated in numerous processes including sperm maturation, cell differentiation, complement reg ulation, lipid transportation, cellular debris clearance, development, phagocyte recruitment, cell aggregation, adhesion and cell-cell interactions, maintenance of the Alzheimer Aβ peptides solubility, DNA repair, NF-κB signaling, cell cycle regulation, and cell death execution [16, 28] .
It has been also found that in the extracellular milieu, CLU (along with other extracellular chaperones) mediates the recognition and disposal of damaged proteins via receptor-mediated endocytosis and lysosomal degradation [44] ( fig. 1 ) . Moreover, the Aβ(1-40) peptide-formed small oligomers interact with CLU to form long-lived, stable complexes; therefore, CLU can influence both the aggregation and disaggregation of Aβ(1-40) by sequestration of the Aβ oligomers [45] .
Finally, immunoaffinity chromatography analyses indicated that although a variety of proteins copurified with CLU from both stressed and control plasma, several proteins were uniquely present or were much more abundant when plasma was stressed by physiologically relevant stress (e.g. shear stress; approx. 36 dyn/cm 2 at 37 ° C) [46] . In line with this finding, CLU was found to bind oxidized proteins and be functionally involved in the clearance and removal of this oxidized/defected material in senescing human erythrocytes through vesiculation [41] .
Functional Implication of CLU in Ageing and Age-Related Diseases
Considering the increase in oxidative and proteotoxic stress during ageing, it is not surprising that CLU expression levels have been found to increase in both cellular senescence and normal ageing of various tissues [16] . Newer findings adding to these observations have indicated a functional implication of CLU in human erythrocytes in the aged organism, as well as during erythrocyte senescence [47] . Similarly, CLU has been functionally involved in most age-related diseases including cardiovascular and metabolic syndromes, degenerative diseases, inflammation, and cancer [16, 28, 48] .
Specifically, CLU levels are increased during the early phase of new-onset myocardial infarction and vascular damage [49] , while, in support of its cytoprotective role, intravenous CLU administration reduces myocardial infarct size in rats [50] . Also, it was found that TLR3 activation induced expression of cytoprotective and anti-inflammatory CLU by vascular smooth muscle cells to potentially counteract atherosclerotic pathology [51] . Regarding the CLU implication in metabolic syndromes, glucose was found to exert a positive regulation on CLU expression in hepatocytes [52] , and CLU gene polymorphisms have been associated with type 2 diabetes mellitus [53] .
Given the chaperone function of CLU, its role during neurodegeneration should be mainly cytoprotective. Indeed, CLU has been identified as a new significant genetic determinant in Alzheimer's disease [54] , where it is thought that the association between amyloidogenic peptides and CLU contributes to limit Aβ species misfolding and facilitates their clearance from the extracellular space [55] . Moreover, CLU content in the plasma is associated with atrophy of the entorhinal cortex, baseline disease severity and rapid clinical progression in Alzheimer's disease [56] , as well as with longitudinal brain atrophy in mild cognitive impairment [57] .
Reportedly, the average secretory CLU concentration in human plasma is 100 ± 50 μg/ml, while it is about 10 times higher in human seminal plasma [58, 59] . CLU concentration increases in diabetes type 2 and during development of coronary heart disease or at myocardial infarction [60] . Similarly, in other more recent studies, plas- 519 ma CLU level has been associated with the occurrence of coronary artery lesions in Kawasaki disease [61] , and serum CLU levels (52.8 ± 0.8 and 49.3 ± 0.5 μg/ml in healthy Japanese men and women, respectively) have been found to be positively related to blood glucose content and also to increase in type 2 diabetic patients (men: 83.1 ± 3.4 μg/ml; women: 64.0 ± 2.3) [62] . Serum CLU concentration was also found to be increased in prostate cancer patients, where it was significantly associated with major prognostic factors other than biopsy Gleason score [63] ; in patients with poorly differentiated hepatocellular carcinoma and lymph node infiltration [64] , and in patients with bladder cancer [65] ; in these latter patients, CLU concentration was also found to increase in urine [65] .
Chronic inflammation induces (among others) increased oxidative stress affecting many different cell types, including stem cells [66] , and thus represents an appropriate model to test CLU responsiveness to oxidant injury. It has been found that CLU expression levels correlated positively with most inflammatory diseases and virus infections [16] . More recently, CLU gene expression was found to be induced during progression of primary osteoarthritis [67] . Interestingly, CLU seems to also directly intervene in NF-κB regulation, although its role remains debated; depending on the experimental model, CLU had either a negative [39] or a positive effect [40] on NF-κB activity.
CLU has been also functionally implicated in cancer, and its role in that disease has been extensively reviewed [16, 28, 48] . Specifically, CLU has been involved in all aspects of tumorigenesis including tumor formation and progression, metastasis and chemoresistance acquisition. It was recently reported that genetic inactivation of CLU in mice promoted transformation of the prostate epithelium in the majority of CLU knockout mice via the induction of NF-kB signaling [68] . In addition, c-Myc activation of miRNAs attenuates the TGF-β signaling pathway to shut down CLU expression, thereby stimulating angiogenesis and tumor cell growth [69] . Although these studies added to previous findings suggesting a tumor-suppressing effect of CLU, CLU expression levels were positively correlated with disease progression in the majority of reported studies [16] . More recently, it was found that AKT exerted its cytoprotective role in prostate tumor cells via the induction of CLU [70] , as well as that low-dose ionizing radiation-induced IGF-1 mediates CLU expression that interferes with TGFβ1 signaling to confer a prosurvival bystander effect [71] . Moreover, in prostate cancer cells, CLU mediated TGF-β-induced epithelial-mesenchymal transition and metastasis via Tw ist1 [72] , while transcri ptome profiling in a TGF-β-in duced epithelial-mesench ymal transition model revealed extracellular CLU as a target for therapeutic antibodies [73] . Finally, tumor-derived sec retory CLU induced epithelial-mesenchymal transition and facilitated hepatocellular carcinoma metastasis [74] , while the loss of expression of the tumor suppressor gene NKX3.1 in the early phases of prostate tumorigenesis correlated with CLU induction [75] . In this latter study, the authors also showed that in human prostate tissue samples, loss of NKX3.1 expression and corresponding CLU overexpre ssion are colocalized at sites of prostatic inflammatory atrophy, a possible very early stage of human prostate tumorigenesis [75] .
CLU Regulation by Oxidative Stress
The only common characteristic shared by normal ageing and most (if not all) of the aforementioned pathological conditions where CLU has been implicated is that they all represent states of increased oxidative injury. It was thus proposed recently that CLU is a sensitive cellular biosensor of oxidative stress that due to its chaperone activity functions to protect cells from the deleterious effects of oxidative and proteotoxic stress [16] . Specifically, it is anticipated that the presence of both the AP-1 and CLU-specific element regulatory elements in the CLU gene promoter [27] make the CLU gene an extremely sensitive biosensor to exogenous or endogenous stress and particularly to free radicals and their derivatives. Indeed, CLU was induced in human cells by ionizing radiation, proteotoxic stress, various oxidants, UVB and heavy metals [16] .
Several studies have demonstrated that CLU has a cytoprotective role against the deleterious effects of oxidants. Specifically, CLU protected normal human fibroblasts from cytotoxicity induced by oxidants or UVB, human prostate cancer cells from oxidative stress-induced DNA damage, lung fibroblasts from cigarette smoke oxidants, and human retinal cells from free radical damage or in vitro ischemia; additionally, CLU protected human epidermoid cancer cells from H 2 O 2 , superoxide anion, hyperoxia and UVA [16] . In line with these findings, it was recently shown that CLU protected cardiomyocytes from oxidative stress-induced apoptosis via the Akt/ GSK-3β signaling pathway [76] and human corneal endothelial cells from oxidants [77] . The direct implication of CLU in the protection against oxidants was demonstrated in a very interesting in vivo study, where it was shown that overexpression of the conventional secretory human CLU (but not a truncated intracellular form) in Drosophila melanogaster increased resistance to heat shock, wet starvation and oxidative stress, and extended their lifespan [78] . The disulfide linkages of human CLU expressed in Drosophila might be involved in the reduction of total ROS levels and in increased stress tolerance since the antioxidant activity of CLU was abolished when the sulfhydryl groups of CLU cysteines were blocked with N-ethylmaleimide. It was thus proposed by the authors that CLU functions as an antioxidant protein via its cysteine sulfhydryl groups to reduce ROS levels and delay organismal ageing in fruit flies [78] . This novel functional property of CLU indicates that it may also represent a unique module of both the proteostasis and antioxidant response networks.
Concluding Remarks: Future Perspectives
For quite some time the functional implication of CLU in critical cellular processes (e.g. cellular death or carcinogenesis) has been debated mainly due to contradictory findings in an array of various cell types and tissues [16, 28, 48] . So, considering that CLU is a novel extra-and, most likely, intracellular chaperone, can the paradox be resolved?
First of all, as described above, it is reasonable to argue that the CLU gene is a sensitive biosensor of environmental insults and, more specifically, oxidative stress that is the driving force of most, if not all, age-related diseases where CLU has been functionally implicated. As the main role of CLU in these pathological conditions would be to cease the deleterious effects of oxidative (demonstrated also by the studies in transgenic flies overexpressing CLU [78] ) and proteotoxic stress, it is anticipated that the main effect(s) of CLU during the progression of a disease would initially be benign. For instance, if we consider cancer, at the initial stages of the disease the function of CLU would be tumor suppressive as it will decrease proteome damage and thus, indirectly, suppress tumor progression. Age-or lifestyle-related proteome damage (e.g. protein oxidati on) alters protein function and may promote tumorigenesis by resulting in dysfunctioning protein machines that gradually become ineffective in removing stressors and also in performing a number of cellular functions that are critical for genomic stability, such as DNA replication and/or repair. Nevertheless, at advanced stages of neoplasia and/or metastasis, CLU may become a potent oncogene because it will offer a significant survival advantage in tumor cells ( fig. 2 ). This biphasic function was particularly demonstrated during skin carcinogenesis were CLU was a tumor attenuator in early carcinogenesis and an enhancer Fig. 2 . Proposed implication of conventional CLU (sCLU) in carcinogenesis, a diseased cellular state of increased oxidative and proteotoxic stress. As the main function of sCLU relates to its potent chaperone activity, it is anticipated that sCLU will exert a cytoprotective function by contributing to proteostasis maintenance at both the extra-and, most likely, intracellular compartments. This property should be obviously antioncogenic as it will provide a barrier to oncogenic hits in both normal cells and (most likely) in early phases of cancer. In neoplasia and metastasis, however, the chaperone activity of sCLU will confer significant survival advantage to tumor cells. This latter assumption also explains the selective pressure for higher expression levels or de novo synthesis of sCLU in advanced cancer (our unpubl. findings). Given the complex regulation of the gene and its responsiveness to most stressors (see text), a number of additional parameters, such as the type of tissue, the local microenvironment and the oncogenic pathways activated, may define the role of sCLU in tumor pathophysiology.
Clusterin: A Sensor of Oxidative Stress On the basis of this view, high expression levels of CLU in advanced cancer should offer a significant therapeutic window. This possibility is currently being exploited in clinical trials [81] by the successful paradigm of OGX-011, a 2'-methoxyethyl-modified phosphorothioate an tisense oligonucleotide that is complementary to CLU mRNA; work in progress aims to finalize plans for two phase III clinical studies. Additional translational applications in relation to CLU biology may include peptides that bind and inhibit CLU in vivo [82] or molecular imaging of tumors by using CLU-binding fluorescent peptides [83] .
Given the significant biomedical interest for the CLU biological function(s), a number of topics in the CLU research field need prompt investigation. These include (1) the understanding of the CLU functional role in mitochondria or in other organelles; (2) its functional implication in cell signaling pathways, including the possible gene regulation by microRNAs; (3) the understanding of the regulation and localization of the various protein isoforms, and (4) the identification of novel binding partners under basal conditions or in stress and diseases. Moreover, it would be essential to develop mammalian transgenic CLU models and to elucidate the CLU protein crystal structure. Clear progress in these issues will add to the existing knowledge and to our efforts to understand the function of this most fascinating protein.
